greatly change. Also, we evaluated the impact of the oligonucleotides on chromatographic retention and separation. Such novel analytical methods of nucleic acids with phosphate units which assume vital roles in vivo are expected to be widely applicable to the bio-separation.
Experimental
Chemicals N-Isopropylacrylamide (NIPAAm) was kindly provided by KOHJIN, Tokyo, Japan, and was purified by recrystallization from n-hexane. N,N-Dimetylaminopropylacrylamide (DMAPAAm) was purchased from KOHJIN. Butyl methacrylate (BMA) was purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. 2,2′-Azobisisobutyronitrile (AIBN) (Wako Pure Chemical Industries) was purified by recrystallized from ethanol. 3-Mercaptopropionic acid (MPA), N,N-dimethylformamide (DMF) and N,N′-dicyclohexylcarbodiimide (DCC) were purchased from Kanto Chemical, Tokyo, Japan. N-Hydroxysuccinimide was purchased from MERCK-Shuchardt. Aminopropyl silica beads (average diameter, 5 µm; pore size, 120 Å) were purchased from Nishio Industries, Tokyo, Japan. Adenosine-5′-monophosphate (AMP), adenosine-5′-diphosphate (ADP) and adenosine-5′-triphosphate (ATP) were purchased from Oriental Yeast Co., Ltd. Japan. Synthetic oligonucleotides, containing mainly 2, 3, 4 and 5-mers of poly(dT) (p(dT)2, p(dT)3, p(dT)4, and p(dT)5) were purchased from Espec Oligo Service Corp. Japan. The 4-mer oligonucleotides of mixed composition; CGTC, AGTC, TGTC and GGTC, were purchased from Espec Oligo Service Corp. Japan. Disodium hydrogenphosphate 12-water, sodium dihydrogenphosphate dihydrate and citric acid monohydrate were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan.
Water used for sample preparation and the LC mobile phase was prepared using a Milli-Q water purification system (Millipore Corp., MA, USA).
Preparation of PNIPAAm-modified silica
The synthesis of semitelechelic NIPAAm copolymer and a modification of aminopropyl silica with the NIPAAm copolymer were carried out by radical polymerization, as previously reported. 19, 26, 28 Polymerization was conducted using AIBN as an initiator and MPA as chain-transfer agents. Poly(NIPAAm-co-BMA) (IB) with a feed ratio of NIPAAm/BMA molar ratio fixed to 95/5, poly(NIPAAm-co-BMA-co-DMAPAAm) (IBD) with a feed ratio of DMAPAAm 5.0 mol%, and NIPAAm/BMA with a molar ratio fixed to 95/5 were synthesized in DMF with AIBN and MPA.
Transmittance measurements
The LCST of NIPAAm copolymers were determined by measuring the optical transmittance of copolymer aqueous solutions. 19, 20 The copolymer solutions were prepared by water and phosphate/citrate buffer (0.5 w/v%).
The optical transmittance changes at 500 nm of NIPAAm copolymer solutions were measured at various temperatures and pH values using a spectrometer (Hitachi U-3000). The temperature of the observation cell was controlled with a deviation of ±0.02˚C with a LAUDA RC20 water bath. The LCST was defined as the temperature at 50% optical transmittance of NIPAAm copolymer solutions.
pH-and temperature-responsive chromatographic analysis
The copolymer-grafted silica bead support was packed into a stainless-steel column (150 × 4.6 mm i.d.). The column was connected to an HPLC system (HITACHI Model L-6200 intelligent pump; L-4000 UV-detector; D-2500 integrator). A Shodex AO-30C (Showa Denko, Tokyo, Japan) column oven was used.
The mobile phase was pH 3.0 or pH 4.5 phosphate/citrate buffer adjusted to constant ionic strength (I = 0.1) by the addition of KCl. Standard solutions of three adenosine nucleotides (AMP, ADP and ATP) were dissolved in the eluent at initial concentrations of 1.0 mg ml -1 . 
Results and Discussion

pH-and temperature-responsive chromatography
The structural formulae of semitelechelic IB and IBD copolymers are shown in Fig. 1 . The copolymers were soluble in water below their LCST and on precipitated above their LCST. The LCST behavior is dependent on the pH, and the ionic strength of solutions for copolymers with ion-exchange groups. 29, 30 The LCST of IBD used in this study was 35.6˚C at pH 3 and 38.9˚C at pH 4.5, respectively; that of IB was 18.7˚C at pH 3.0 and 19.1˚C at pH 4.5, respectively. The LCST for IBD was dependent on the pH, but the LCST of IB did not significantly change with the pH. There have been several reports concerning the pH dependence of LCST on the copolymers of NIPAAm with ion-exchange groups. Hoffman et al. 31 examined the LCST of the copolymer of NIPAAm with acrylic acid (AAc), and showed that the LCST increased with an increase in the pH of the buffer solutions used. Kim et al. 32 reported on the pH sensitivity of the LCST of a copolymer containing (diethylamino)ethyl methacrylate (DEAEMA).
We previously reported that hydrophobic interactions occurred between steroids and PNIPAAm-modified surfaces. 19, 20 Generally, the ion-pair RP-HPLC separation of nucleic acids is achieved by electrostatic interactions between the positive surface potential generated by the adsorbed material at the stationary phase and the negative surface potential generated by the dissociated phosphoester groups of nucleic acids. The nature of the chromatographic retention by the electrostatic force in ion-pair RP-HPLC is similar to that of anion-exchange HPLC. Elution of the adsorbed nucleic acids in ion-pair reversed-phase chromatography is not obtained by a gradient of increasing ionic strength, but by an increase in the concentration of an organic solvent in the mobile phase, resulting in the joint desorption of nucleic acids and the surface of the stationary 540 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 phase. We tried to chromatographically separate the three adenosine nucleotides with different charge densities (AMP, ADP, and ATP) by the IBD copolymer modified silica columns. Figure 2 shows chromatograms of the adenosine nucleotides on the IB column and the IBD column, respectively. On the IBD column, the retention times increased with increasing numbers of the phosphate unit (AMP < ADP < ATP) at the column temperature studied. Only poor separation was observed on the IB column, though the order of the retention was the same as that on the IBD column. The pKa values of AMP, ADP, and ATP were 3.80, 3.90, and 4.06, respectively. The mobile phases of pH 3.0 and pH 4.5 were examined; the pKa values of the nucleotides fell between the pH values. On the IB column, only a slight change in the retention times was observed for all of the analytes examined. The retention times of the adenosine nucleotides were slightly retarded with increasing temperature at pH 3.0 ( Fig. 2(a) ). Since adenosine nucleotides are in non-ionic forms at pH 3.0, the retention times should increase with the increase in the hydrophobic interactions between the analytes and the hydrophobized copolymer chains on the stationary surfaces. There was no effect of the temperature on the retention times at pH 4.5, because the IB copolymer surface was not charged and the adenosine phosphates were in dissociated forms (Fig. 2(c) ).
In contrast, on the IBD column at pH 3.0, which is lower than the pKa values of the adenosine nucleotides, the retention times at low temperature were small, and increased with an increase of the column temperature (Fig. 2(b) ). The hydrophobic interaction should contribute to the retention under the conditions.
The electrostatic interaction may not have predominated, because the adenosine nucleotides were undissociated. On the other hand, at pH 4.5, which is higher than the pKa values, the retention times increased below the LCST, while they decreased above it (Fig. 2(d) ). Because the adenosine phosphate groups are in charged forms at pH 4.5, the electrostatic interactions between the adenosine nucleotides and the IBD stationary phase should cause increased retention below the LCST. Because the polymer chain is in an extended form in aqueous media at a temperature lower than that of LCST, the DMAPAAm moiety should act as an anion-exchange group and interact with the ionized groups of the adenosine nucleotides. By raising the column temperature above the LCST, the anionexchange groups may be immersed in the hydrophobic polymer chain, and the reduced electrostatic interaction would cause decreased retention times.
Since the pKa value of the dimethylamino group in DMAPAAm is 10.35, deprotonation of the amino group of the DMAPAAm moiety is enhanced under the conditions. Moreover, IBD copolymer modified beads showed a decreased Zeta potential, indicating compression of the surface electrical double layer. 33 
Application to the oligonucleotide
The analytical techniques for the separation of oligonucleotides are in principle based on the discrimination of the molecular size (length), or charge. A new concept of chromatography, pHand temperature-responsive chromatography, was applied to the separation of the oligonucleotides and oligodeoxythymidines. Chromatograms of oligodeoxythymidines on the IB and IBD columns with a mobile phase of pH 3.0 are shown in Fig. 3(1) , and those of pH 4.5 are shown in Fig. 3(2) . On the IB column, little change in the retention times with temperature was observed for the oligodeoxythymidines examined at pH 4.5. At pH 3.0, the retention times were retarded with increasing temperature. These results indicated that the elution behaviors were based on the hydrophobic interaction due to undissociated oligodeoxythymidines at the pH values studied. In contrast, oligodeoxythymidines were retained on the IBD column at pH 4.5. The results are explained in terms of the electrostatic interaction. At temperatures lower than the LCST, the polymer chain is hydrated, and hence the electrostatic interaction between the dissociated oligodeoxythymidines and the anion-exchange group should increase. The retention times were retarded with increasing temperature at pH 3.0. Because the oligodeoxythymidines are in undissociated forms under the conditions, increasing retention due to the hydrophobic interaction could be confirmed by raising the temperature.
Single-nucleotide polymorphisms (SNPs) are single base-pair variations in DNA that can give valuable information on genetic variation within a population. They can also help to identify the genes that cause certain human diseases. As a model of SNPs, the oligonucleotides in which the single base in 4 mer differed was examined using pH-and temperature-responsive chromatography. The chromatograms of four oligonucleotides with a difference in a single base on the IB and IBD columns with the mobile phase of pH 3.0 are shown in Fig. 4(1) , and those of pH 4.5 are shown in Fig. 4(2) . Table 1 gives the retention factors of the four oligonucleotides with a difference in a single base at 10 and 50˚C, respectively. The hydrophobicity contribution to the oligonucleotide retention is in the order C < G < A < T, which is in agreement with earlier published data from the usual RP-HPLC. 34 In other words, the addition of C or G does not increase oligonucleotide retention as dramatically as the addition of A, and particularly T, because of the hydrophobicity of C and of G are similar. 9 In present study, on the IB column, little change in the retention times with temperature was observed for the oligonucleotides examined at pH 4.5. At pH 3.0, the retention times were slightly retarded with increasing temperature. It seems that the elution behaviors were based on the hydrophobic interaction due to undissociated oligonucleotides at the pH. In contrast, it was possible to carry out separation on the IBD column. At temperatures lower than LCST, oligonucleotides were overall retained on the IBD column at pH 4.5. At temperatures lower than LCST, the polymer chain was hydrated, and hence the electrostatic interaction between the dissociated oligonucleotides and the anion-exchange group should have increased. On the contrary, the retention times were retarded with increasing temperature at pH 3.0. Because the oligonucleotides were in undissociated forms under these conditions, the overall increasing of the retention by the hydrophobic interaction could be confirmed by raising the temperature.
However, the order of the base did not agree with earlier published data, 34 for both the IB and the IBD columns. Moreover, an exchange of the elution order was also observed based on the difference in the pHs. Huber et al. 34 reported that the retention of the four heterooligonucleotides is controlled by the differences in the hydrophobicity of the bases located at the 3′-end, and by their hydrophobic interaction with the stationary phase. The synthetic oligonucleotides used in this study had a single base difference of the 5′-end. Consequently, the elution order seemed to be different from the order of the hydrophobicity. Presumably, not only the hydrophobicity of the nucleotides, but also steric effects (secondary structure, charge accessibility) contribute to the retention of the oligonucleotides.
We confirmed that the pH-and temperature-responsive chromatography controlled both the electrostatic interaction and the hydrophobic interaction in a column. In the present study, separations of oligonucleotide with a difference in the number 542 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 of bases were achieved under isocratic conditions. Moreover, the separation of four oligonucleotides of the same length, but with a difference in the single base composition, was successful by using pH-and temperature-responsive chromatography. We expect that this method will become an important model system for the analysis of oligonucleotides, such as primer purification and the discovery of SNPs. This feature of pH-and temperature-responsive chromatography could be advantageous for some applications.
Conclusion
A new concept of chromatography, pH-and temperatureresponsive chromatography, is proposed. We applied this concept to the separation of adenosine nucleotides and synthetic oligonucleotides with an aqueous mobile phase. In the chromatographic system, an ionizable dimethylamino group of the stationary phase played a key role for the separation. The copolymer changed from hydrophilic to hydrophobic phase transitions, and from charged to non-charged in response to changes of the temperature and pH. These results show that the column modified with IBD could respond to both temperature and pH to modulate the retention of charged compounds using an aqueous mobile phase. In this work, we confirmed that the electrostatic interaction played a main role at low temperature, and the hydrophobic interaction became predominant upon increasing the temperature. Moreover, it was indicated that the charge of the surface could be controlled by the change of the temperature.
A pH-and temperature-responsive chromatography is expected to be highly useful for bio-separation in various fields, such as medical and pharmaceutical sciences.
